Introduction
Thiourea forms channel adducts with highly branched paraffins, cycloparafrins and alkylaromatics1)-5). The alkylaromatic adduct crystals form only in the presence of suitable guest molecules such as 2,6-dialkylnaphthalenes (i.e., 2,6-diisopropyl-, 2,6-di-tbutylnaphthalene), 2,3-dimethylnaphthalene and 2,3,6-trimethylnaphthalene3).
These results suggest that thiourea adduction under suitable conditions may separate alkylnaphthalenes of specific structures from mixtures. Both 2,3-and 2,6-dialkylnaphthalenes are potential feed stocks for speciality high-performance polymers and liquid crystals. Application of thiourea adducts to the separation process requires fundamental information such as equilibrium constants and enthalpy changes for the adduct formation.
The composition of the adducts (molar ratio of thiourea to substrate) is also important to design an efficient separation process. However, no systematic studies are available except those in our laboratory on the adduct formation of dialkylnaphthalenes with thiourea6)-11). Our previous work investigated the equilibrium constants and compositions of thiourea adducts with 2,6-diethyl-, and 2,6-diisopropylnaphthalene7).
In the present study, equilibrium constants for thiourea adducts of various dialkylnaphthalenes, i.e., 2,6-di-t-butylnaphthalene, 2,3-dimethylnaphthalene, 2-methyl-6-, and 2-methyl-7-t-butylnaphthalenes were determined to elucidate adduct formation between dialkylnaphthalenes and thiourea.
Heats of formation and compositions of the adducts were also measured.
Experimental

Substrates and Reagents
A mixture consisting of di-t-butylnaphthalene (97.0 wt%), 2-t-butylnaphthalene (2.0wt%), and others (1.0 wt%) was obtained from the t-butylation products of naphthalene by a conventional distillation method. A mixture of 2-methyl-6-t-butylnaphthalene (50.9wt%), 2-methyl-7-t-butylnaphthalene (49.1wt%) was also synthesized by t-butylation of 2-methylnaphthalene. 2,6-Di-t-butylnaphthalene and 2-methyl-6-t-butylnaphthalene were isolated from these mixtures by repeated thiourea adduct formation.
2-Methyl-7-t-butylnaphtion of the methyl-t-butylnaphthalenes mixture. The purity of these isolated dialkylnaphthalene substrates were better than 99wt% by GC analysis. 1.0m column packed with OV-1. The composition of the adduct, m (molar ratio of thiourea to the substrate), was determined by elemental analysis using a CHN corder (MT-3, Yanagimoto Inc.).
Results and Discussion
Equilibrium Constant
The equilibrium constant, K, for the dissociation reaction of the thiourea adduct, is given by Eq. (2)13), where aDAN, aADD, and aTU are the activities of the substrate in solution, the activity of the adduct, and the activity of thiourea, respectively. Assuming an ideal solution Eq. (2) can be simplified since thiourea and the adduct are in the solid state. Thus, K is expressed simply by the molar fraction of the substrate in the solution7), 21) The values of equilibrium constants for the dissociation of 2,6-di-t-butylnaphthalene, 2-methyl-6-t-butylnaphthalene, 2-methyl-7-t-butylnaphthalene, and 2,3-dimethylnaphthalene thiourea adducts are listed in Table 1 . Figure 1 shows the equilibrium constants for the decomposition of the thiourea adducts as a function of reciprocal temperature.
Literature values for 2,6-diethylnaphthalene, 2,6-diisopropylnaphthalene7), and cyclohexane-thiourea adduct2) are also plotted for comparison.
Equilibrium constants for the hexadecane-urea system13), which forms one of the most stable urea adducts, are also included.
The values of the equilibrium constants found in this study, except for 2-methyl-7-t-butylnaphthalene-thiourea system, are lower than those of the cyclohexane-thiourea system extrapolated to the temperature range of the present study (0-the hexadecane-urea system. The equilibrium constants obtained in the present study are also lower than those for branched paraffin-thiourea systems15) as well as cycloparaffin-thiourea systems15), indicating that the combination of dialkylnaphthalenes and thiourea is favorable for the formation of stable thiourea adducts.
Judging from the values of the equilibrium constants, the order of adduct forming potential is as follows: 2,6-
It is interesting to note that the tenhance the formation of the adduct. Our preliminary experiment shows that 2,6-dimethylnaphthalene, 2-methyl-6-ethylnaphthalene, and 2-methyl-6-isopropylnaphthalene do not form the thiourea adduct at the temperatures used in this study, whereas the equilibrium constants for the 2-methyl-6-t-butylnaphthalene system are similar to those for the 2,6-diethyl and 2,6-diisopropylnaphthalene systems.
Compositions of Thiourea Adducts
Analysis of molar ratio of reagent (host) to substrate (guest) of the adducts, m, can be achieved by several methods1),6),13),14). The thiourea (or urea) content of the adducts can be obtained from elemental analysis.
The amount of guest component may be established by the weight loss upon dissociation of the adduct as well as elemental analysis. Measurement of concentration changes in the reaction liquid during adduct formation is also applicable to certain systems. Considering the potential errors inherent in these procedures, the elemental analysis method was adopted in the present study. The values of the ratio, m, obtained from the contents of carbon, hydrogen, nitrogen, and sulfur (diff.) in the thiourea adducts are listed in Table 2 .
The values of m are 5.0 to 6.7, depending on the size of guest molecules.
The less compact dialkylnaphthalenes with bulky alkyl groups are associated with more thiourea in the adduct than are compact dialkylnaphthalenes.
Interaction between the guest molecules with bulky alkyl groups and thiourea molecules is geater in comparison with compact guest molecules. The fit of the alkyl groups in the guest molecules with the channels of the adduct to make close contact with the rugged surfaces of the thiourea channels may be important.
The size or the degree of branching in the tion of naphthalene, apparently has a significant effect on the stability of the thiourea adduct.
Heats of Formation of Thiourea Adduct
The negative slope of the plots in Fig. 1 shows that the formation of thiourea adducts is exothermic and that lower temperatures are favorable to adduct formation.
As shown in the Fig. 1 , the log K values in this study change linearly with the reciprocal temperatures. of n-paraffin-urea adducts (the bold line in Fig. 2 ).
naphthalene-thiourea system fall in the same range obtained for isoparaffins, cycloparaffin-thiourea systems15) and n-paraffin-urea systems15), and that the heats of thiourea adduct formation are also correlated with m although the slope is a little different and the deviations are somewhat large (the dotted line for tamed using the least squares method). These results suggest that the structure of thiourea adducts is more flexible than that of urea adducts. Various types of guest molecules can be incorporated in the adduct of Table  2 Compositions of the Thiourea Adducts a) 2,6-diethylnaphthalene-thiourea adduct. b) 2,6-diisopropylnaphthalene-thiourea adduct.
c) 2,6-di-t-butylnaphthalene-thiourea adduct.
d) 2-methyl-6-t-butylnaphthalene-thiourea adduct. e) 2,3-dimethylnaphthalene-thiourea adduct. m is molar ratio of thiourea to substrate. As S0add corresponds to randomness of the adduct, the regularity of the guest molecules in the adducts may be evaluated through S0add. The values of S0add for dialkylnaphthalene-thiourea system fall between those for the cyclohexane-thiourea system and hexadecane-urea system. This indicates that the regularity of the dialkylnaphthalene molecules in the channel is inferior to that of cyclohexane-thiourea system, assuming that the regularity of thiourea in the adducts does not differ significantly. The regularity of cyclohexane in the thiourea adduct was studied by the X-ray diffraction method. Both molecular structure and crystal structure of cyclohexane in the adduct were not refined, but those of thiourea in the adduct were determined, suggesting that molecules of cyclohexane were included as disordered structures in the channel of the thiourea adduct16),23). As mentioned in 3.1., dialkylnaphthalenes of specific structures form stable adducts shape and/or size of the substrates may match modestly with the shape and/or size of the channels formed by thiourea. Dialkylnaphthalenes are embedded in the distorted hexagonal channel of thiourea molecules6). The naphthalene ring is like a plate, so some empty spaces can be expected between the naphthalene ring and the walls of the channels when such plate-like guest molecules are included.
The void space in the channel of the thiourea adduct may be related to the randomness of dialkylnaphthalenes in the thiourea adducts.
Conclusion
The fundamental characterictics of the separation of 2,6-and 2,3-dialkylnaphthalenes by thiourea adduct formation were studied by the measurement of the equilibrium constants and heats of adduct formation as well as the compositions of the adducts. Equilibrium constants for the decomposition of the thiourea adduct of dialkylnaphthalenes are higher than those for the urea adduct of hexadecane and lower than those for thiourea adducts of isoparaffins and naphthenes. The order of adduct forming ability is as follows: 2,6-Di-tbutylnaphthalene>2,3-dimethynaphthalene>2,6-diisopropylnaphthalene-2,6-diethylnaphthalene>2-methyl-6-t-butylnaphthalene>2-methyl-7-t-butylnaphthalene.
The heats of adduct formation are between 28 and 37kJ (mol dialkylnaphthalene)-1 and are higher than those of other thiourea adducts. Compositions of the adducts have a host: guest ratio of 5.0 to 6.7 according to the compactness of the dialkylnaphthalenes. 
